Abstract -This paper presents the rotor shape optimization of an interior type permanent magnet (IPM) motor for a reduction of vibration and Electromagnetic Interference (EMI). The vibration and EMI in permanent magnet motors is generated by cogging torque ripple, radial force and commutation torque ripple. Consequently, in order to improve vibration and EMI, the optimal notches are put on the rotor pole with an arc shape proposed. The variation of vibration frequency due to the cogging torque and radial force of each model is computed by the finite element method (FEM). From the analysis result and experiment, we confirmed the proposed model has remarkably improved the vibration and EMI.
Introduction
InteriorNTERIOR PM (IPM) motors haves several advantages over sSurface mounted PM (SPM) motors due to some of their inherent characteristics. With its hybrid torque-producing mechanism, IPMs combines the reluctance torquee that is generated by rotor saliency and the magnetic torque due to the PM. Therefore, they have the benefits of high torque density, high efficiency, and cy and their compactness, etc.
But, despite these advantages, high vibration and noise caused by their various forces and the torque ripple in the IPM motor are some of the most importance factors in several applications [1] - [4] .
Also, these large vibrations become not only the main cause of faults in the driving motor, but also cause distortion of the controlled excitation current, and consequently affects the EMI characteristics of the total system [3] .
The sources of EMI in motor systems are mainly classified into two origins. The first is the consequence of the motor vibrations caused by torque ripple and the non-ideal spatial distribution of radial force. The second source of EMI is inverter power and switching current for exciting the motor coil. This paper demonstrates that proper motor design can minimize the EMI characteristics of an IPM motor by reducing the cogging torque and reshaping the distribution of radial force.
Consequently, a rotor shape design with a notch is created to minimize the mechanical source of EMI by electromagnetic source.
Also, the improved characteristics of EMI by reducing the variation of radial force and cogging torque are presented.
Finally, vibration-noise and EMI experimental results are presented to verify the analysis results.
Rotor Shape Design For Reduction of
Electromagnetic source
Rotor Design for Cogging Torque Reduction
The main origin of torque ripple is unbalanced radial force and cogging toque, which are generated by the interaction among magnetized PM's, air-gap permeance and slot harmonics [3] . In order to balance the distribution of radial force and reduce the cogging torque, the rotor shape is applied to notches.
At this time, the design on the position of notches considering the variation of radial force distribution is achieved.
Figs. 1(a) and 1(b) show the structure of the stator and rotor of the initial IPM motor.
The arc type rotor and the notches model on the arc type rotor which cause a reduction of cogging torque are shown in Figs. 1(c) and 1(d).
The notch position and depth is determined by a combination of space harmonics field analysis with FE analysis [4] . 
Rotor Design Process for Radial Force Variation
The variation of radial force distribution leads to mechanical vibration. When the center of a magnetic pole, daxis, is located at the stator teeth, the radial force of the stator teeth is maximum. However, the radial force is minimized in the q-axis which is located at the inter-polar under the stator teeth as shown in Fig. 2 . The difference in radial forces between the d-axis and q-axis cause mechanical vibration. Therefore, the reduction of the difference of two radial forces is strongly required. The reduction method of radial force on the d-axis is shown in Fig. 3 . Even though the notch is applied on the rotor pole face to reduce the cogging torque, the design of notch can reduce the variation of radial force and balance the radial force on the rotational plane. From the point of vibration reduction, the precise analysis and optimal design of notches on the center of the pole face is required. 
Analysis Results of Electromagnetic Force as Source of Vibration and EMI
Fig . 4 shows the spatial distribution of the radial force of the initial model. In the initial model, the uniform dispersion of the radial force is not generated. Fig. 5 shows the spatial distribution of the radial force of the proposed notch model. It can be found that the air gap flux density is reduced by a relative increase of air-gap length by the notch and the variation of radial force is reduced by balanced dispersion. Fig. 6 shows the radial force density acting on the surface of the teeth according to rotation. When the teeth and center of the rotor pole, which is the d-axis, are aligned, the radial force is maximized and the radial force is minimized at the q-axis. Therefore, the teeth are vibrated by variations in the radial force. In the case of the notch model on the arc type rotor, however, the radial force on the d-axis is reduced. The cause is an increase to the air-gap by increasing the air-gap on the d-axis compared with the initial model. Consequently, the variation of the radial force of the notch model is decreased and the vibration due to radial force variation is reduced. Fig. 7 shows the cogging torque for two models. In the analysis result, the cogging torque of the notched model is reduced about 40% from the initial model. 
Verification of Reduction of Vibration and EMI by Comparison with the Experiment

Vibration Analysis
A correlation with the electromagnetic source of the vibration of the IPM motor and EMI were analyzed in Section 3. The manufactured rotors for comparison and the experimental set for vibration measurement are shown in Fig 8. The characteristics of vibration frequency are shown in Fig. 9 and Fig. 10 , when the motor rotates with a rotating frequency of 40Hz. Fig. 9 shows the tangential component of vibration. In this IPM type BLDC motor, the commutation torque ripple and cogging torque leads to the tangential component of vibration.
The vibration frequency due to cogging torque and commutation torque ripple equals 12 times that of the rotation frequency. Therefore, the motor is vibrated to harmonics of an excitation frequency of 480Hz. The initial model has a large vibration to the harmonics components of the excitation frequency which is 480Hz, 960Hz and 1440Hz. On the other hand, the vibration by harmonics components of the notch model is less than the initial model, due mainly to the reduction of cogging torque.
The normal component of vibration at 40 Hz, which is rotating speed, is shown in Fig. 10 . In the case of the initial model, the vibration is generated in most of the frequency. However, the vibration of the notch model is reduced except 640Hz which is the 3rd harmonics component of radial force variation.
By implementing a notch to the initial model, the result was that 3rd harmonic components are added to the fundamental component, as shown. Accordingly, the vibration component of the 640Hz band, the 3rd harmonic component of the notch model, does not reduce. Fig. 11 shows the values of a tangential component and a normal component of vibration according to the rotational frequency.
As shown in the result, the notch model shows smaller vibration than the initial model. 
Electromagnetic Interference (EMI) Analysis
The electromagnetic compatibility which internationally restricts (EMC: Electromagnetic Compatibility) divides into the EMI and EMS (Electromagnetic Susceptibility). EMI divides into the conducted emission (CE: 150 kHz~30MHz) which is conducted by the power line and the radiated emission (RE: 30MHz~1GHz) which is radiated by a mechanical vibration of the motor.
In this paper, the experiment on RE is performed to analyze EMI characteristics by the vibration of the IPM type BLDC motor. Results of previous experiments show rationality that the rotor design method of the IPM motor. And the EMI experiment is performed in order to confirm the EMI reduction. Fig. 12 shows the LISN equipment and the electromagnetic shielded room with the EMI measurement test equipment. Fig. 13 shows EMI measurement results of the initial model at the no-load operation. The results of the EMI measurement experiment, the radiated EMI band of 40Mhz~60Mhz is generated by the electric motor driving, and the radiated EMI band of 200Mhz~500Mhz is generated by inverter driving.
Because the frequency band by switching sequence is higher than the frequency band by electric motor driving, radiated EMI by the controller is higher than radiated EMI by the electric motor driving.
This work does not included torque pulsation minimization considering control methods, which modifies the excitation current. Accordingly, the EMI band generated with an electric motor during driving was analyzed. of the initial model it has a reduced peak value and area. As to the notch model, the dispersion and reduction of the radial magnetic flux density are effectively performed by the relative increase of the air-gap length. Accordingly, as with the reduction of the peak value of the radiated magnetic field of the electric motor, the radiated EMI is also reduced. Amplitude reduction of the harmonic component is also caused.
Therefore, in the notch model, the harmonic amplitude and area of the radiated magnetic field are also reduced owing to the amplitude reduction of the harmonic component. So, the effect of the radiated EMI can be controlled.
From the experiment's results, the mechanical cause of the radiated EMI verified that the vibration-noise generated in the motor is a reason. Moreover, by reducing the vibration and noise of the motor, the reduction of the radiated EMI was confirmed on the EMI test.
Conclusion
This paper presented a shape design to reduce the electromagnetic source of vibration and noise for the reduction of radiated EMI of an IPM type BLDC Motor. The shape design variable is selected on the rotor pole surface. The mechanical source of radiated EMI is mitigated by the reduction of the electromagnetic source of vibration. The result of performance a design, in case of implementing a notch to the d-axis of a rotor. By comparison with the experiment, we confirmed that the proposed method is very useful and is applicable to the reduction of vibration and improvement of EMI characteristics.
